ABSTRACT Field experiments were conducted in 1997 and 1998 to understand the physiological responses of soybean, Glycine max (L.) Merrill, to injury from two-spotted spider mite, Tetranychus urticae Koch, and to examine the contribution of soil moisture toward soybean tolerance to spider mite injury. A split-plot treatment design was used consisting of moisture stress as the main plot and spider mite injury as the sub-plot treatments in a randomized complete block design with eight replications. Soybeans were moisture-stressed beginning approximately at V10 growth stage, and spider mites were maintained on soybeans for 10 d, and then physiological responses of soybean were determined. Moisture-stressed soybeans had lower leaf water potentials, photosynthetic rates, stomatal conductances, and transpiration rates. Spider mite injury also caused a signiÞcant reduction in photosynthesis, stomatal conductance, transpiration, and chlorophyll content. The lack of a signiÞcant impact of spider mite injury on chlorophyll ßuorescence and similar light curves, at low light intensities, of soybean leaves with and without spider mite injury, suggest that spider mite injury does not interfere with the light reaction center at the initial stage of photosynthesis. Despite measurable reductions in total chlorophyll content from mite injury, ßuorescence data and light curves strongly indicate photosynthetic rate reductions from mite injury were not immediately associated with chlorophyll loss or effects on photosynthetic electron transport. There were signiÞcant interactions between moisture stress and spider mite injury for some gas-exchange parameters. Photosynthetic rate reductions by spider mites were greater in moisture-unstressed than stressed soybeans. Superimposing spider mite injury did not reduce photosynthetic rates greatly in moisture-stressed soybeans because of an initially low photosynthetic rate from moisture stress. However, comparison of absolute photosynthetic rates of spider mite-injured soybean leaves with and without moisture stress suggested that soil moisture improved soybean tolerance to spider mite injury.
TWO-SPOTTED SPIDER MITE, Tetranychus urticae Koch, is a serious, yet sporadic, pest of soybean, Glycine max (L.) Merrill, in the midwestern United States. The two-spotted spider mite has a wide host range, and causes a signiÞcant yield loss in many crops (Brandenburg and Kennedy 1987) . Hot and dry weather favor outbreaks of the two-spotted spider mite because this type of weather is unfavorable for pathogenic fungi (Neozygites), a primary biological control agent that keeps spider mite populations at subeconomic levels (Klubertanz et al. 1991 , Klubertanz 1994 .
Spider mites also have become important pests in agroecosystems after widespread use of insecticides for pest management (Welter 1989) . Physiological responses of crop plants to spider mite injury have been relatively well studied. Spider mite injury causes a reduction in the rate of photosynthesis both at the leaf (Ferree and Hall 1980; Sances et al. 1982a Sances et al. , 1982b Brito et al. 1986; CandolÞ et al. 1992 ) and canopy levels (Lakso et al. 1996, Sadras and Wilson 1997) . Cytological studies revealed that the two-spotted spider mite destroys epidermal tissues, spongy mesophylls, and palisade layers (Sances et al. 1979 , Bondada et al. 1995 . Similar histological and cytological injuries were observed for the European red mite, Panonychus ulmi Koch (Rilling and During 1990) . It is most likely, therefore, that all phytophagous spider mites injure plants this way. However, the magnitude of plant damage may differ for different species of spider mites ).
Injuries to spongy mesophyll and palisade layers indicate destruction of chloroplasts because of spider mite feeding. Consequently, declines in chlorophyll content and photosynthetic rates are usually associated with spider mite injuries (Welter 1989 , Bondada et al. 1995 .
Although reduced photosynthesis has been documented in various crops (apple, avocado, cotton, grape, peach, pecan, and strawberries) after twospotted spider mite feeding, the impact on soybean physiology is not known in detail (Hildebrand et al. 1986 ). In addition, Klubertanz et al. (1990) documented that moisture stress can mediate the development of two-spotted spider mite populations on soybean. However, the physiological response of soybean to the combined effects of moisture stress and spider mite injury is unknown.
Resources available for plant growth and development might signiÞcantly modify plant tolerance to spider mite injury. Jackson and Hunter (1983) and demonstrated that the effect of spider mite injury on pecan and apple photosynthesis was greater with low levels of nitrogen fertilization than with high levels of fertilization. Understanding the contribution of abiotic factors, such as soil nutrient and moisture stress, toward plant tolerance to spider mite injury may be a viable approach to reducing yield loss from spider mite injury.
Moisture stress is the major abiotic factor limiting crop productivity (Boyer 1982) . In soybean, moisture stress also contributes to spider mite outbreaks. Knowledge of soybean physiological responses to these stressors is crucial to understand yield loss mechanisms and to devise appropriate pest management programs for the two-spotted spider mite in soybean (Peterson and Higley 1993 , Welter 1993 . Consequently, we hypothesize that abiotic factors, such as provision of ample soil moisture, improve soybean tolerance to spider mite injury. We conducted Þeld experiments on soybean with the following objectives: (1) to understand soybean physiological responses to spider mite injury, (2) to examine the role of moisture stress on soybean tolerance to spider mite injury, and (3) to understand the interaction of moisture stress and spider mite injury on soybean gas-exchanges.
Materials and Methods
Spider Mite Colony. A colony of two-spotted spider mites was established on soybean in a greenhouse. The original spider mites were collected from a soybean Þeld near Lincoln, NE. Soybean cultivar ÔDunbarÕ was planted in 16-cm diameter plastic pots Þlled with vermiculite, sand, and silt loam soil in the proportion of 1:2:5. Soybeans were grown under a high-pressure lamp (400 W) with 14:10 (L:D) h photoperiod. High temperatures in the greenhouse, during the summers of 1997 and 1998, favored the buildup of two-spotted spider mites on soybeans. Soybean leaßets heavily infested with spider mites in the greenhouse were used to infest Þeld grown soybeans.
Field Experiment. Field experiments were conducted on the East Campus of the University of Nebraska at Lincoln, NE, in 1997 and 1998 . Soybean cultivar ÔDunbarÕ was planted on 9 May in 1997 and 26 May in 1998. Treatment design consisted of a split plot, with water stress as the main plot and spider miteinjury as the sub-plot treatments in a randomized complete block design with eight replications. Moisture stress was imposed beginning approximately at V10 (11 nodes have leaves including unfolded leaßets) growth stage of soybean. In 1997, because of shortage of rainfall at the reproductive stage of soybean in July and August, moisture stress was imposed by withholding irrigation water in moisture-stressed treatments. Moisture-unstressed treatments were watered regularly. In 1998, however, moisture stress was imposed by placing clear plastic between soybean rows preventing rain from reaching the soil between rows. Plastic layers between adjacent rows were stapled to each other approximately at every 30 cm, close to the soil level to keep all the soybean leaves above the plastic. Both moisture-stressed and unstressed soybeans were covered with clear plastic. Moisture-unstressed soybeans were irrigated below the plastic cover but moisture-stressed soybeans were not. Moisture-stressed and unstressed soybeans were separated by eight rows of unirrigated soybeans.
Soybeans were infested with two-spotted spider mites approximately between the R2 (full bloom) and R3 (beginning pod) stage. Soybean leaßets collected from greenhouse plants, each infested with Ϸ40 spider mites, were used to infest soybeans in the Þeld. Spider mite injury and control treatments were imposed on central leaßets located on the upper third node. Soybean leaßets intended for infestation were enclosed in Þne-meshed leaf cages so that the greenhouse leaßet serving as a source of spider mites was placed in the lower side of the leaßet to be infested. Control treatments (noninfested leaßets) were also treated similarly but soybean leaßets not infested with spider mites were enclosed in each cage. All the cages were sealed with tape to conÞne spider mites inside the cages. The leaßets were inspected regularly to ensure the cages were properly sealed.
The spider mites were allowed to feed on soybean for 10 d. Then, the leaf cages were removed, spider mites were carefully removed from the soybean leaves using a camel hair brush. In 1998, the total number of spider mites produced on each soybean leaßet and the number of spider mites per square centimeter on each leaßet was determined. In addition, a visual damage ratings of leaßets were made based on a 0 Ð9 scale, 0 being free from spider mite injury and 9 being heavily infested with spider mites.
Determination of Soybean Gas Exchange. Plant gas exchange was measured after spider mites were removed from soybean leaßets. Measurements were made from the same leaßets used as control or spider mite injury. A portable photosynthesis system (model LI-6400, Li-Cor, Lincoln, NE) was used to measure photosynthetic rates from soybean leaßets. The rate of photosynthesis was measured from a 6-cm 2 area, the maximum leaf area measured by the leaf chamber of the LI-6400. Using the LI-6400, leaßets were illuminated with 1,400 mol of photons per meter square per second (generated by the LI-6400).
Stomatal conductance and leaf transpiration rates were measured from soybean leaßets in 1997 and 1998 using a steady-state porometer (model LI-1600, LiCor). These measurements were made when the sky was clear (PAR Ն1,400 mol photons per meter square per second). Although stomatal conductance and transpiration rates were measured using LI-6400, the absolute accuracy of these data may be questioned because boundary layer conductance may be altered by the measurement (conÞning the leaf in a chamber changes air ßow over laminar surface and, therefore, alters boundary layer conductance. However, treatment comparisons should be valid). Therefore, only stomatal conductance and transpiration rates taken with the LI-1600 were used in this study. For all gasexchange rates (photosynthesis, stomatal conductance, and transpiration rates), measurements were made between 1200 Ð1500 hours (CST). In addition, light curves (photosynthetic rates at light intensities ranging from 0 to 2,000 mol photons per meter square per second) were also determined.
The chlorophyll content of soybean leaves was determined by using a chlorophyll meter (model, Spad-502, Minolta, Osaka, Japan) both in 1997 and in 1998. Five chlorophyll content measurements were made from each leaßet at different spots. In addition, chlorophyll ßuorescence of light-and dark-adapted leaves was measured using a modulated chlorophyll ßuorom-eter (model OS5-FL, Opti-Sciences, Tyngsboro, MA) in 1998. Measurement of ßuorescence from leaves exposed to light was used to determine the quantum yield (Y) computed from the formula, Y ϭ (Fms-Fs)/ Fms, where Fms ϭ the maximal ßuorescence, and Fs ϭ steady state ßuorescence of leaves illuminated to light. Measurement of ßuorescence from darkadapted leaves was made after the leaves were darkadapted for 1 h using Ôadaption clipsÕ. From darkadapted leaves, the ratio of variable ßuorescence (Fv) to maximal ßuorescence (Fm), Fv/Fm, was determined; Fv ϭ Fm Ϫ Fo, where Fo is minimal ßuores-cence and Fm is maximal ßuorescence of darkadapted leaves. Both the ratio Fv/Fm and Y were computed by the modulated chlorophyll ßuorometer.
Leaf water potential was determined from leaves approximately on the upper Þfth node, below the leaves that received spider mite treatments. Soybean leaf water potential was determined by using a plant water status console (model 3005, Soilmoisture, Santa Barbara, CA).
After all measurements were taken, soybean leaves were collected, leaf images were digitized, and percent leaf injury by spider mites was determined. This was done using an image analysis system consisting of a color video camera (3CCD, model DXC-960MD, Photosynthetic rates were measured from the control and spider mite-injured leaves 2 d after spider mites were removed. a P-values from the simple-effects tests for the "Spider mite injury" factor, holding water stress constant to determine whether there were differences between the control versus spider mite-injured treatments.
b Percent reduction in photosynthetic rates, stomatal conductance, and transpiration rates by spider mite injury relative to the control treatment.
Sony), an image digitizing board (Targaϩ, Truevision, Indianapolis, IN) and imaging analysis software (Mocha, Jandel ScientiÞc, San Rafael, CA). All data were subjected to analysis of variance (ANOVA) by using a protected least signiÞcant difference (LSD) test to separate the means at P Յ 0.05.
Results
Water stress caused a signiÞcant reduction in soybean leaf water potential in both years (Table 1) . Moisture stress also had a negative impact on soybean gas-exchange. Moisture-stressed soybeans exhibited signiÞcantly lower photosynthetic rates, stomatal conductances, and transpiration rates compared with unstressed soybeans in both years (Tables 2 and 3) . However, moisture stress did not alter leaf chlorophyll content or chlorophyll ßuorescence (Table 4) . Two-spotted spider mites caused visible injury to soybean leaves 10 d after infestation. Visual damage ratings based on a 0 Ð9 scale, 0 being free from spider mite injury and 9 heavily injured, averaged 6.1 (Ϯ0.4) for spider mite-injured treatments and 0.19 (Ϯ0.1) for control treatments. Similarly, percent spider mite injury, based on image digitizing and analysis, revealed that spider mite injury caused 18.2 (Ϯ2.66)% leaf chlo- Photosynthetic rates were measured from the control and spider mite-injured leaves 1 d after spider mites were removed. a P-values from the simple-effects tests for the "spider mite injury" factor, holding water stress constant to determine whether there were differences between the control versus spider mite-injured treatments.
b Percent reduction in photosynthetic rates, stomatal conductance, and transpiration rates by spider mite injury relative to the control treatment. rosis. The total number of spider mites produced per unit leaf area was not signiÞcantly different for moisture-stressed and unstressed soybeans (Table 1) .
Spider mite injury signiÞcantly reduced soybean gas-exchange. In 1997 and 1998, soybean photosynthetic rates, stomatal conductances, and transpiration rates were signiÞcantly reduced by spider mite injury in moisture-stressed and unstressed soybeans (Tables  2 and 3 ). The percentage photosynthetic rate reduction by spider mite injury differed between years and under different moisture stress. In 1997, spider mite injury caused a greater photosynthetic rate reduction in moisture-stressed (43%) than unstressed soybeans (34%). However, in 1998, photosynthetic rate reduction was greater in moisture-unstressed (34%) than stressed (22.8%) soybeans.
Spider mite injury also reduced the chlorophyll content of soybean leaves in both moisture-stressed and unstressed soybeans in 1997 and 1998 (Table 4) . Although there was a reduction in the chlorophyll content by spider mite injury, chlorophyll ßuores-cence was unaffected (Table 4) .
There were variable Þndings regarding the interaction between spider mite injury and moisture stress. In 1997, there were no signiÞcant interactions between spider mite injury and moisture stress on soybean gas-exchange, except on stomatal conductance. In 1998, there were signiÞcant interactions only on photosynthetic rates and stomatal conductance. Transpiration rates indicated a potential interaction (P Ͻ 0.10) in both years. There were no signiÞcant interactions between moisture stress and spider mite injury on chlorophyll content or chlorophyll ßuorescence.
There was a sigmoidal relationship between different light intensities and photosynthetic rates. These light curves, in 1997 and 1998, also indicate a signiÞ-cant reduction in photosynthetic rates of soybean leaves from spider mite injury and moisture stress ( Fig. 1A and B) . However, the magnitude of photosynthetic reductions from spider mite injury was greater in moisture-unstressed than stressed soybeans. Generally, light curve patterns were similar in 1997 and 1998.
Discussion
Soybean Physiological Responses to Spider Mite Injury. Spider mite injury caused a signiÞcant reduction in soybean gas-exchange both in moisturestressed and unstressed soybeans. There were also signiÞcant interactions between moisture stress and spider mite injury for some, but not all, gas exchange parameters. Several other studies have also demonstrated the adverse impacts of spider mite injuries to plants, which include reduced photosynthetic rates, stomatal conductance, transpiration rates, and chlorophyll content (Hall and Ferree 1975 , Ferree and Hall 1981 , Royalty and Perring, 1989 , CandolÞ et al. 1992 , Nihoul et al. 1992 , Lakso et al. 1996 . Although Ferree and Hall (1981) did not show a signiÞcant interaction between moisture stress and Relationships between different light intensities and photosynthetic rates (light curves) of well-watered and moisture-stressed soybean leaves in 1997. Photosynthetic rates were measured from the control and spider mite-injured leaves 3 h after spider mites were removed. Data points without standard error bars actually have standard errors, but the standard error bar does not appear when it is smaller than the symbol representing the data point. (B) Relationships between different light intensities and photosynthetic rates (light curves) of well-watered and moisture-stressed soybean leaves in 1998. Photosynthetic rates were measured from the control and spider mite-injured leaves 3 h after spider mites were removed. Data points without standard error bars actually have standard errors, but the standard error bar does not appear when it is smaller than the symbol representing the data point.-spider mite injury on plant gas-exchange, found a signiÞcant interaction depending on the severity of moisture stress.
The primary mechanism by which spider mites impact gas exchange is by the destruction of mesophyll and spongy palisades, reducing leaf chlorophyll contents (Sances et al. 1979 , Rilling and During 1990 , Bondada et al. 1995 . Other possible mechanisms include increased stomatal, mesophyll, and boundary layer resistance following spider mite injury. We have demonstrated that, in addition to reduced chlorophyll content, spider mite injury resulted in lower stomatal conductance compared with uninjured soybean leaves. This reduced stomatal conductance may be the result of destruction of mesophyll tissue that can reduce CO 2 movement intracellularly, leading to reduced stomatal conductance because CO 2 uptake is interrupted. In addition, destruction of mesophyll tissue also indicates inhibition of mesophyll conductance or reduced intracellular CO 2 in leaves injured by spider mites. Increase in the boundary layer resistance is also a possible mechanism for reduced gas-exchange in injured leaves because of spider mite webs on soybean leaves.
Data on chlorophyll ßuorescence (Krause and Weis 1984, Bolhar-Nordenkampf et al. 1989 ) and the initial portions of light curves (Chartier et al. 1970 , Sharkey 1985 demonstrate the photochemical efÞciency in the light reaction center of photosynthesis, primarily the electron transport system in photosystem II. Because spider mite injury did not affect chlorophyll ßuorescence, either in the light or dark adapted soybean leaves (Table 4) , the light reaction center was not affected by spider mite injury. Similarly, because the slopes of light curves at lower light intensities are similar for injured and uninjured soybean leaves ( Fig.  1A and B) , spider mites did not affect the electron transport system at the initial stage of photosynthesis. Does Provision of Adequate Moisture Enhance Soybean Tolerance to Spider Mite Injury? In our work, the total spider mites produced were not signiÞcantly different on moisture-stressed versus unstressed soybeans, although numerically more spider mites were produced on moisture-stressed soybeans. However, in other studies, signiÞcantly greater numbers of spider mites were produced on moisture-stressed than unstressed plants (Perring et al. 1984 (Perring et al. , 1986 Klubertanz et al. 1990 ). This raises questions pertaining to the impact of moisture stress on spider mite populations: Does moisture stress regulate spider mite population in a density independent fashion? It is unlikely moisture stress per se regulates spider mite population. Rather, lower relative humidity in soybean canopies resulting from moisture stress can modify the microenvironments for biocontrol agents, primarily fungi (Neozygites), on spider mites. This low relative humidity in moisture-stressed soybean canopies creates an unfavorable microenvironment for the fungi, and can result in spider mite ßares.
Provision of adequate soil moisture can enhance soybean tolerance to spider mite injury, although indirectly, by reducing the initial incidence of spider mites. However, once infested, soybeans exhibited similar physiological responses to spider mite injury. Availability of moisture, in addition to reducing the development of spider mite populations, may reduce the long-term physiological disruptions in infested soybeans. Soybeans provided with ample moisture might repair injured leaf tissues faster and produce new leaf tissues if the infestation occurs early in the season.
Plant growing conditions and environmental factors may alter the degree of plant injury from spider mites. Greenhouse grown apples were severely injured by spider mites and exhibited a greater reduction in gasexchange and chlorophyll content compared with Þeld grown apples ). Furthermore, differences in nutrient and soil moisture available for plant growth also signiÞcantly mediate plant and spider mite interactions because of their impact on plant vigor (Zwick et al. 1976 , Jackson and Hunter 1983 , English-Loeb 1990 , Sadras et al. 1998 . However, in our study, we found variable soybean gas-exchange responses to spider mite injury under moisture-stressed and unstressed systems. Visual examination of our light curves indicates that photosynthetic rates were more depressed by spider mites in moisture-unstressed than stressed soybeans ( Fig. 1A and B) . Similarly, survey photosynthetic rates in 1998 also demonstrate the same trend. These Þndings agree with observations by , who showed that photosynthetic rates were variably affected by spider mites, depending on the severity of moisture stress. Such variation could also be attributed to the time of the day when gas-exchange measurements were taken because of diurnal changes in plant water potential and evaporative demand. Under cooler and cloudy days, moisture-stressed plants may not show a signiÞcant reduction in gas-exchange given a relatively higher leaf water potential and lower evaporative demand compared with hot and sunny days.
Our observation that some soybean photosynthetic rate measurements were less reduced by spider mites in moisture-stressed than unstressed soybeans may be because the moisture-stressed soybeans already had lower rates of photosynthesis and superimposing spider mites may not reduce photosynthetic rates as much as it would in moisture-unstressed soybeans. Conversely, moisture-unstressed soybeans exhibited a proportionally higher reduction in the photosynthetic rates from the spider mite injury relative to the unstressed controls, which initially had the highest rates of photosynthesis. This explanation, however, should not suggest that moisture-stressed soybeans tolerate spider mite injury more than unstressed ones. Comparing absolute photosynthetic rate values, moisture stress (without spider mite injury) caused about the same photosynthetic rate reduction as spider mite injury (without moisture stress) (Fig. 1A and B) . The lowest photosynthetic rates occurred in moisturestressed and spider mite injured soybeans. Consequently, irrigation signiÞcantly improved the absolute photosynthetic rate values in spider mite injured leaves.
The role of adequate moisture or nutrients in plant tolerance to spider mite injury can be measured not only by examining the magnitude of photosynthetic rate or yield reduction by comparing injured and uninjured plants, but also by comparing photosynthetic rates or yield of arthropod injured plants in stressed and unstressed plants (without reference to uninjured plants). Comparison of the photosynthetic rates in soybean leaves injured by spider mites in stressed and unstressed soybeans demonstrates the importance of provision of ample moisture toward soybean tolerance to spider mite injury. Although plant gas-exchanges indicate the immediate physiological changes in plant response to arthropod injury , Peterson and Higley 1993 , Welter 1993 , understanding soybean yield response to moisture stress and spider mite injury may provide a more precise contribution of soil moisture toward soybean tolerance to spider mite injury. In addition, examination of gas-exchanges at plant canopy level may provide a better explanation of the interactions between moisture stress and spider mite injury.
Knowledge of soybean tolerance to spider mite injury is essential in establishing EILs and thresholds. Changes in soybean tolerance by environmental conditions such as soil moisture and nutrient alters the already established thresholds. If soybean tolerance can be improved by environmental conditions, there may not be a need for management actions. Improved soybean tolerance to spider mites can reduce pest management costs to farmers because of reduced use of insecticides, the only means used to manage spider mites in the midwestern United States.
